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of T lymphocytes, a major immunological cell type, which requires
In a preceding paper (11) , we compared the stability and
INTRODUCTION
velocity of the fluid in the film. On the other hand, two nonlinear evolution equations were sufficient to describe the Many configurations are possible for the interface between dynamics of a liquid film on a solid substrate. Nevertheless, immiscible liquids. One way to understand the shaping of in this approach the concentration source was not related to such interfaces is to address the problem of interfacial stabil-a detailed mechanism. ity. In particular, if two interfaces are interacting via a thin
In this paper, we investigate the role of a surface chemical liquid film, the variety of structures or dynamic regimes reaction on the stability of a thin liquid film in contact with a solid substrate. The reaction occurs between the insoluble 1 To whom correspondence should be addressed.
surfactant molecules and the binding sites on the substrate. This situation is a good model for classic problems in chemical engineering [wetting of solid surfaces, coating processes (12) ] or in biology [adhesion of cells with some surface adhesive molecules to solid substrates (13, 14) , signaling processes in the immune system, and, in particular, T-cell activation by surface-bound ligands (15) the stability of the film. For nonlinear chemical kinetics, several nonlinearities are possible: autocatalysis (16) or multistability (7) . In this paper, we investigate the possible surface tension will vary in accordance with the surface regimes for nonlinear chemical kinetics where the affinity concentration (Marangoni effect). The liquid film is deof the reaction varies with the distance between receptors scribed as a Newtonian viscous fluid of viscosity m, density and binding sites and in particular is enhanced at small disr, and kinematic viscosity n Å m/r. The equations are made tances. In that case, chemical kinetics and hydrodynamics dimensionless by using the following scales: length h 0 , time interact to modify profoundly the dynamics of the film as h 2 0 /n, velocity n/h 0 , pressure rn 2 /h 0 , and surfactant concencompared with a film without any chemical reaction.
tration R 0 , where h 0 and R 0 are the equilibrium values of the To show the influence of the chemical reaction on the film thickness and the surfactant concentration. This scaling hydrodynamics of the film, the paper is organized as follows.
was already used by several authors (1, 4, 12, 17) for thin Section 2 recalls the governing equations for the hydrodyliquid films devoid of surfactants. Its extension to thin films namics of a liquid film with insoluble surfactants on a solid (free films or films on a solid substrate) with surfactants has substrate. The influence of a surface chemical reaction is been discussed (11) . then considered and the source term is specified for several
The two-dimensional motion of the liquid in the film phase reaction kinetics. A set of three nonlinear evolution equais given by the dimensionless Navier-Stokes equations tions is obtained for the film thickness, the receptor concentration, and the complex concentration. In Section 3, a linear ( (11) . The film is bounded below by a rigid wall at z Å 0 and above by a free surface at position z Å h(x, A H /(h 2 0 rn 2 ). At the free interface, we have a normal stress balance and t) with surfactant concentration R(x, t) (Fig. 1) . The liquid layer is assumed to be thin enough so that van der Waals a tangential stress balance. These conditions are the same as for the case of insoluble surfactants without any mechaforces are effective and gravitational forces can be neglected. The free surface possesses surface properties such as surface nism for changing the surfactant concentration (11) . We recall them here for completeness: the normal stress balance tension and a variable surface concentration. Consequently, if the surfactants are free to move along the surface, the (Laplace condition) reads for diffusion across a distance comparable to the film thick-
ness (7). As we do not want to fix the relative time scales
3/2 , [3] from the beginning, we choose a geometric small parameter related to the long wavelength of the disturbances. With our where we have assumed that the pressure of the gas is zero. choice, the velocity field can be obtained already at the If we neglect the surface viscosity, the dimensionless surface lowest order in e [see also (11) [9] are the equations describing a film tion equation for the dimensionless concentration r of surfac-with insoluble surfactants on a solid substrate with an additants:
tional source term F(r). Let us now define this term F(r) for some reaction kinetics.
[7]
Surface Chemical Reaction
The first term on the right-hand side of [7] represents the surface diffusion of the surfactants with surface diffusion A reversible surface chemical reaction is considered becoefficient D s , the second term is the convection of the sur-tween the insoluble surfactant molecules (''receptors'') on factants, and the third term is a source term dependent on a the free surface at an interaction distance of homogeneously surface chemical reaction. This term will be specified after-distributed binding sites (''ligands'') on the substrate. The ward. The last term of [7] represents the rate of change of term ''chemical reaction'' is here used in its most general the concentration due to the dilation of the surface (19) . sense and refers merely to the formation of a complex, withThis term is small for large curvature radius and will be out reference to a specific mechanism. The geometry of the neglected in the following.
film displayed in Fig. 1 refers to two possible systems: At the lowest surface z Å 0 of the film, we have simply the no-slip and no-penetration condition i. A thin liquid film lying on a solid surface: Phase I is a gas phase, phase II is the liquid film, and phase III is the solid surface bearing binding sites. Interface I/II is simply u Å £ Å 0.
[8] the free surface of the film with insoluble surfactant molecules. A long-wavelength approximation is used in a nonlinear theory to obtain successive approximations to the solutions ii. A cell adhering to a substrate: Phase I is the intracelluof the equations of motion. Here we retain the expansion in lar fluid phase (cytoplasm), phase II is the thin liquid film a small parameter e inversely proportional to the wavelength between the cell and the substrate, and phase III is the solid l of the disturbance, which is supposed to be much larger support. Interface I/II is the cell membrane itself, composed than the film thickness, i.e., e Å h 0 /l Ӷ 1. Other choices are of a fluid lipidic matrix in which proteins are embedded. possible, as for instance the characteristic reaction/diffusion times. Indeed, a large diffusional length scale L can be introWe adopt the following general reversible reaction scheme involving the insoluble surfactants: duced if the characteristic reaction time far exceeds the time concentrations in [13] by this value R 0 . The following set
[10] of dimensionless equations is obtained with film thickness h 0 as k 1 Å k 10 exp(0k 0 h 0 ). The equilibrium ii. The free receptor molecules R are laterally mobile with value h 0 is fixed by the hydrodynamics and is supposed to a surface diffusion coefficient D s .
be small enough so that the chemical reaction occurs. k 0 is a proportionality constant. The primes will be suppressed in iii. The complexes C are more or less firmly bounded to the following. It can easily be verified that in absence of the fixed substrate molecules so that their diffusion coefficonvection, the reaction/diffusion scheme [15] is stable. Let cient is set to zero.
us now couple the hydrodynamic equations [9] with the iv. There is no recruitment of receptor molecules at the chemical equations [15] for simple binding kinetics by writboundaries of the contact zone of length L (see Fig. 1 ).
ing in [9] the source term as Let us now consider several possibilities for the reaction kinetics.
For simple binding kinetics and the above assumptions, the equations for the evolution of the concentra-where the equilibrium value of surfactant concentration has tions read been identified with the total concentration of receptors R 0 . We obtain eventually three coupled nonlinear evolution equations for film thickness h(x, t), the receptor concentra-
( x, t), and complex concentration c(x, t):
[11c] [12] Case B. The simple kinetics [16] introduced in case A where S 0 is the total concentration of binding sites. By use cannot account for the intuitive idea that the binding step of the conservation law [12] , the system of three equations should be favored when the receptors r are close to the [11] can thus be rewritten as a system of two equations:
substrates s. Let us therefore consider a case where k 1 /k 2 , the affinity of the binding/unbinding reaction, is a function of the thickness of the film h. For this nonlinear reaction
kinetics, the source term reads / diffusion/convection terms,
[13a]
[13b]
with At the homogeneous steady state (no diffusion/convection), the sum of [13a] and [13b] gives a conservation relation for the free and bound receptors on the surface, i.e., k 1 (h) Å k 10 exp(0k 0 h 0 )rexp(0K(h 0 1)). [19] R s / C s Å R 0 , [14] For 0 £ h £ 1, the binding kinetics will be favored as the thickness of the film decreases from the stationary thickness 1, with a dimensionless binding factor K. For h ú 1, the where R 0 is the total concentration of receptors. To adimensionalize the concentration variables, we divide the different association kinetics is highly unfavorable at large film thick-ness. The unbinding kinetic constant k 2 remains independent
[23a] of h. The nonlinear kinetics described by [19] is relevant for surfactant molecules with no spatial extent. In that sense, with no repulsive forces occur at very small thickness due to steric effects, and the limiting value h Å 0 will correspond a 0 Å 1, [23b] to the rupture of the film. The source term [18] (14) . In that case, the binding kinetics is of the form where q 1 Å 0k 1 (s 0 0 c s ), q 2 Å k 1 r s / k 2 , and q 3 Å 1/S c / Mr s . Due to the form of the coefficients a i , the critical
2 ).
[20] wavenumber corresponding to a 3 Å 0 reads
[24] The reaction kinetics is unfavorable when the spring is compressed below thickness h s . In this case, additional
This wavenumber is the same as that obtained for model repulsive forces must be considered in the film phase it- [9] with F(r) Å 0 which takes into account only the hydroself. Long-range interactions followed by short-range and dynamics of the film. Hence the related root will be coined specific chemical interactions could be a better description the hydrodynamic root v 1 as it is related to a pure hydrodyof the complex event of binding. In that case, the film namic instability (11) . In opposition, the two other roots of might undergo a ''morphological phase transition,'' as the characteristic equation [23a] will be called the chemical already predicted in ( 12 ) , with no rupture but localized roots v 2,3 as their values depend on the chemical parameters contact regions. This will be considered separately in fuof model [17] . The chemical reaction thus has no influence ture work as it requires complete redefinition of the probon the critical wavenumber [24] related to the hydrodynamic lem taking steric effects into account in the interaction instability. However, the chemical kinetics can profoundly potential f.
affect the dynamics of the film, especially in the case of nonlinear reaction kinetics with K x 0. For k õ k c , hydrody-
LINEAR STABILITY ANALYSIS
namic instability is always present (a 3 õ 0). In the region of hydrodynamic stability, i.e., for k ú k c , all the coefficients The system [17] admits a stationary homogeneous solu-a i are simultaneously positive, so that no positive real roots tion (1, r s , c s ) for cases A and B, if we suppose that the are possible. This means that hydrodynamic stability also film is initially flat with thickness h Å 1. The value of r s implies overall stability. Table 1 gives the signs of the coefcan be determined by solving the equation ficients a i for wavenumbers k in the region of hydrodynamic instability (a 3 õ 0) and the corresponding expected type of root.
Nonoscillatory solutions. When K Å 0, i.e., when the binding kinetics is unaffected by the thickness h (case A), obtained by inserting the conservation of the total concentration of receptors [14] in dimensionless form r s / c s Å 1 into [15] . We examine now the stability of the stationary 
where v is the growth rate of the perturbation, and k m Å mp/L (m Å 1, 2, . . .) is its wavenumber. The corresponding a The signs v R / and v R 0 correspond to positive and negative real roots, respectively; cc means that two complex conjugate roots may exist. characteristic equation for v reads the system, let us now simulate the nonlinear model [17] for the different dynamic regimes identified in Table 1 .
NUMERICAL RESULTS
Equations [17] have been solved numerically using finite difference methods. Forward differences in space are used to obtain the successive derivatives with respect to x up to an order in Dx 4 where Dx Å 0.2 is the size of the spatial mesh (20) . An explicit scheme is applied for the time derivative. The difference equations are then solved iteratively. To understand in a series of numerical simulations the influence of the binding/unbinding process on the dynamics of the film, let us choose values of parameters so as to be in the  FIG. 2 linear stability analysis. Indeed, if the length of the system is too small, i.e., if the corresponding wavenumber 2p/L is larger then k c , the homogeneous steady state is stable (11) . it can be seen that a 2 is always negative when a 3 õ 0. In Let us note that any other value of k inside the unstable that case we only obtain situations corresponding to the first band of wavenumbers could also have been chosen. Fixed and second lines of Table 1 . There are three real roots, one boundary conditions are applied; i.e., the variables are fixed positive (the hydrodynamic root) and two negative. In other to their stationary value at length 0 and L of the system. The words, when K Å 0 or is small, the dynamics is governed source term is given by [18] and [19] . only by the hydrodynamic instability.
In a first simulation, we take the hydrodynamic parameters Oscillatory solutions. The third and fourth lines of Table A Å 5, T Å 30, 1/S c Å 0.1 in a system of length L Å 37.6 1 correspond to situations for which K is not zero and is such that k Å 0.5 corresponds to the fastest rate of growth sufficiently high for a 2 to be positive. Indeed as q 1 is always v max for K Å 0. The chemical parameters are k 1 Å k 2 Å 0.1, negative, increasing the binding factor K will increase the s 0 Å 2.5. As K Å 0, the model considers the case of a simple value of the coefficient a 2 (see Eq.
[23d]). There thus exists binding constant k 1 ; in other words, we recover case A dea critical value K c for which a 2 Å 0. Figure 2 displays the scribed earlier and for which the binding kinetics is unafdispersion relation for parameters corresponding to the situa-fected by the distance between the receptors r and the subtion of the third line (a 1 õ 0) of Table 1 . We see that, in a strate s. For these parameters, the characteristic equation of certain domain of wavenumbers, the system has two imagi-the linear stability analysis corresponds to the situation in nary roots, the real part of which can become positive or line 1 of Table 1 , a 2 õ 0, and the system exhibits three real remain negative depending on the value of the parameters. roots. The hydrodynamic root is the only one to be positive. The inverse of the maximum v max of the hydrodynamic root In that case, the dynamics of the film is determined by hydrov versus k may provide a first estimate of the dimensionless dynamic instability (Fig. 3) : the film height reaches zero at rupture time t L as the minimum of the initial perturbation close to one boundary. The surfactants leave the regions where the film thins t L Å 0(1/v max )ln(a in ), [25] to concentrate at the maxima of h. Complexes are formed at locations of high concentration in receptors. Indeed, when K Å 0, the variables r and c are always in phase. The regions where a in is the amplitude of the initial perturbation.
The linear stability analysis shows qualitatively that chem-where h reaches zero thus correspond to depletion zones both in receptors and in complexes, and thinning of the film ical processes may affect the dynamics of the thin film. Indeed, the addition of a chemical reaction to the hydrody-is interpreted in that case as a rupture. The nonlinear rupture time of the film t NL , considered as the time for which h Å namic terms in model [17] allows us to obtain imaginary roots in the characteristic equation, a scenario impossible to 0, is equal to 2.67.
Let us now take the same parameters but K Å 30 such obtain in the pure hydrodynamic model [9] . To understand the complete dynamic behavior of the system and, in particu-that a 2 ú 0 while a 1 õ 0 (line 3 of Table 1 ). For a system of length L Å 37.6, the wavenumber of the initial perturbation k lar, the influence of the imaginary roots on the behavior of Å 0.5 is such that the three roots of the system have a of the film reaches zero. Indeed, Fig. 4a shows that the minimum of r (maximum of c not plotted) reaches 0(1) positive real part. As K is now nonzero, the binding kinetic constant k 1 depends nonlinearly on the local value of the well before the minimum of h vanishes. Although the hydrodynamic instability still leads to rupture of the film, we thickness of the film; i.e., we are in case B. Complex formation will therefore be favored in regions where the film has interpret this dynamics rather as an aggregation phenomenon. Clustering of receptors occurs at locations regularly a smaller thickness. This is indeed observed numerically (Fig. 4) . Nevertheless, the reaction scheme does not really separated by a distance l Å 2p/k, where k depends on the properties of the film as explained in the linear stability modify here the dynamics of the film in the sense that, although the variables r and c are now 90Њ out-of-phase, analysis. Our model thus shows that clustering can already be accounted for by a simple interplay between the hydrodyrupture still occurs monotonically in time as in the case without binding/unbinding reaction. The variation of K namic instability of a film containing receptors and a reversible binding with substrates on a plane, favored when the modifies only the relative time scales between the hydrodynamic and chemical processes. For sufficiently high K, com-distance between the film and the substrate decreases. The fact that the imaginary part of the chemical roots does not plex formation has time to proceed well before the thickness Fig. 2 ( K Å 30) , using the source term [18] (case B). As K x 0, r and c are out of phase. The time scale of the formation of the complexes c is much shorter than the time scale of the film's rupture. Complexes accumulate at the locations of the minima of h well before the film breaks at a time equal to 3.49. Representation is as in Fig. 3. give rise to temporal oscillations of the variables can be in the preceding numerical simulations when K is varied.
Rupture occurs much quicker in the simulation as this later understood by the observation that for these values, both the time for oscillations to be well developed and their period incorporates all the nonlinearities that accelerate the decrease in h (11) . When h becomes small, the destabilizing van given by the linear stability analysis are larger than the nonlinear rupture time of the film (t NL Å 3.5). Although the der Waals interactions inversely proportional to h 3 become indeed dominant and speed up the rupture of the film. reaction scheme modifies the nature of the modes of the problem with regard to the pure hydrodynamic model [9] , Let us now study the last case of Table 1 , i.e., the situation for which a 2 ú 0 and a 1 ú 0, obtained here by increasing the the quantitative values of the related roots are such that an aggregation phenomenon parallel to a monotonic rupture of dissociation kinetic constant k 2 with regard to the preceding simulation. We thus take k 2 Å 0.675, s 0 Å 2.5 (r s Å 0.75) the film is observed rather than temporal oscillations of the variables. As noted in the linear stability analysis, the inverse in a system of length 31.4 (k Å 0.6) and we again vary K.
As in the preceding series, the three roots are real when K of the maximum v max of the hydrodynamic root versus k gives a linear approximation to the rupture time of the film Å 0, and in that case, hydrodynamic instability dominates.
Rupture occurs then with r and c leaving in phase the locafor an arbitrary perturbation of the system. We compare in Fig. 5 the dimensionless rupture time t L predicted by the tions where h is decreasing. When K is increased, r and c evolve out of phase. But in contrast to the preceding series linear stability analysis to the dimensionless nonlinear rupture time t NL necessary for the height of the film to vanish of simulations, when K is high enough the variables begin
DISCUSSION
The purpose of this paper was to identify the role of chemical kinetics on the stability of a thin liquid film lying on a solid substrate. The chemical scheme is described by linear or nonlinear binding kinetics between free receptors at the surface of the film and binding sites on the substrate, leading to the formation of complexes. The nonlinearity considered is enhanced affinity of the binding reaction at small distances. Alternative nonlinear chemical kinetics such as an autocatalytic reaction (16) or a multistable reaction (7) tion, it is more relevant to biological applications, where the distance between cell and substrate influences the adhesion properties. to oscillate in time. As can be seen in Fig. 6 , when K Å 30,
The model obtained consists of three nonlinear evolution r first decreases at the locations of the minima in the initial equations describing the spatiotemporal evolution of the perturbation of h. After this, r globally increases before thickness h of the film, the concentration r of free receptors, decreasing again at one location that is independent of the and the concentration c of complexes. A preliminary linear initial perturbation of the system. Aggregation occurs at the stability analysis establishes the existence of a critical wavepoint of the system where r and h reach zero while c is number k c related to the hydrodynamic root. The chemical maximum. When K is increased, rupture is delayed and sevreaction has no influence on this critical wavenumber. Hyeral oscillations can appear before aggregation occurs. We drodynamic instability (rupture of the film) will thus always have plotted in Fig. 7 the dimensionless nonlinear rupture occur as for a film without surface chemical reaction. On time of these numerical simulations versus the dimensionless the other hand, the presence of the chemical reaction introrupture time predicted by the linear stability analysis. Conduces new chemical modes. It was shown that the chemical trary to the preceding series, rupture is delayed in the simularoots may be imaginary so that oscillatory regimes are pretions and occurs much later than what is predicted linearly. dicted. We thus note that a significant delay in rupture of the film In numerically simulating the different dynamic regimes, occurs in parallel to the presence of temporal oscillations of we obtain the following information: for simple linear surthe variables.
face kinetics, in the parameter range leading to hydrodyThis delay is even more striking in Fig. 8 where several namic instability, the film gradually becomes thinner until periods of oscillations are observed for other values of the rupture occurs (h Å 0). The concentration of free and bound parameters. The nonlinear rupture time is as long as 157 and receptors ''follows'' the periodic variation of the thickness is thus almost 100 times longer then the usual rupture time and nearly no receptors remain at the local rupture points of the pure hydrodynamic model. The period of oscillations as the three variables of the system evolve in phase. For the given in the linear approximation is much smaller than the nonlinear surface kinetics considered (affinity enhanced at nonlinear rupture time observed on the simulation. As the small distance), new dynamic regimes are observed, dethree variables of the system oscillate during several periods, pending on some chemical control parameters: the dynamics of the film is characterized by successive up First, as the binding factor K is increased above a critical and down of its local height before breaking at one point. value K c , aggregation of bound receptors occurs at the local This striking delay can be seen in Fig. 9 where we plot the contact points. We use here the terminology ''contact point'' rupture time of the film versus the dimensionless concentra-rather than ''rupture point,'' since the high concentration of tion of binding sites s 0 . When s 0 is increased, the rupture fixed receptors at those points should sterically prevent close time increases in parallel with a decrease in the period of contact. The situation h Å 0 is thus nonrealistic in this case. the oscillations, which explains that more and more oscilla-This problem requires further elaboration. For a sufficiently high value of the binding factor K, the numerical simulations tions are observed. show clustering of the bound receptors at the local points therefore develop before the rupture, which is delayed by a factor of 10-100. This observed rupture delay is a pure of contact. This observation is relevant to experimental observation of clustering of receptors in regions of close local nonlinear effect, not predictable by linear stability analysis.
By varying the various parameters, the subtle interplay contact for cells adhering to solid substrate, as will be discussed hereafter.
between the different time scales of the system can be modified. Additional numerical simulations have shown the same Second, as the unbinding kinetic constant k 2 is increased, the stationary value c s of the concentration of complexes is dynamic regimes for the hydrodynamic parameters A ranging from 0.5 to 5, T ranging from 3 to 30, and 1/S c ranging shifted toward lower values and the system exhibits imaginary roots. When K is increased, the period of the related from 10 03 to 10 01 . Our preliminary study thus indicates new possible dynamic regimes that could be further analyzed in oscillations decreases, so that some oscillations can appear before the film ruptures. This new mechanism is all the more a complete parametric study of the model.
It is too early to try to make a complete quantitative comobserved as there is a significant delay in the rupture time. We are thus in presence of a feedback of the chemical reac-parison between these analytical and numerical results and some well-defined experimental systems. Let us restrict ourtion on the hydrodynamics of the film.
Finally, as the density of binding sites s 0 is increased, selves to a qualitative estimate of some realistic values of nondimensional parameters and key results relevant to the we also have an increase in c s and appearance of complex conjugate roots. The period of the oscillations decreases present study. If we choose as a model system the case of biological cells adhering to a solid substrate, the thin fluid while the rupture time of the hydrodynamic instability increases. Several oscillations due to chemical instability can film (intercellular layer) is bounded by a free surface (the Let us now test the key results of the present study. With the two parameters A and T, we can already evaluate the critical wavenumber (Eq. [24] ), the dominant wavenumber, and the time of rupture (Eq. [25] ). As the surface chemical reaction described here does not affect the hydrodynamic root, the estimation of the dominant wavenumber k max corresponding to v max and of the hydrodynamic rupture time t L (Eq. [25] ) remains valid. For K Å 0, k max É 0.5, and t L É 2 (see Figs. 5 and 7) , taking the dimensional counterpart of these values using the scaling h 0 for space and h tins, the presence of receptors is not experimentally proven. However, many other mammalian cultured cells (endothelial cell membrane) with mobile surface receptors (proteins) and cells, fibroblasts, glioma cells) also form specialized adheby the solid support (usually glass) bearing fixed binding sites. Previous work has been done to interpret the periodic patterns observed in adhering red blood cells in terms of interfacial stability theory (21) (22) (23) . Our results will be compared with recent experiments on red blood cells adhering to glass in the presence of polycations (24) , where periodic patterns (wavelike morphologies) have also been observed, and to receptor-mediated adhesion of cells to ligand-coated surfaces (25, 26) . An excellent recent review of cell adhesion can be found in Ref. (27) . Because large variations in physical quantities can be anticipated, particularly in physiological data, we make only rough order-of-magnitude estimates.
If we take r É 1 g/cm 3 , n É 10 02 cm 2 /s, A H É 10 012 erg, and an equilibrium film thickness h 0 É 10 05 cm, the dimensionless Hamaker constant A É 10 02 -1. The surface tension of the cell membrane is rather low (É10 03 -1 dyn/ cm), but the equilibrium surface tension of the film is also influenced by the free energy of the liquid/solid surface (27) with surface-bound ligands may contribute in several ways to favor the activation conditions, as compared with soluble ligands. Immobilization of the ligand may focus the receptor-ligand interaction by holding the ligands near the receptors. Binding to solid-phase ligands may prevent or modify the recycling of the receptors and lengthen the time of contact with the ligand. Furthermore, as shown in this paper, presentation of the antigen in the context of cell surfaces may favor receptor aggregation, thus allowing for interactions between adjacent cytoplasmic domains (33) .
The oscillations predicted in our model have not yet been detected experimentally, to our knowledge, during adhesion processes. However, continuous changes in the area of contact between T cells and antigen-presenting cells have recently been reported (34). On the other hand, mechanochemical oscillations attributed to a solutal Marangoni effect have been observed at a liquid/liquid interface with transfer of solutes (35) .
Several perspectives remain open at the present stage of sions to the underlying substrate, known as focal contacts, adhesion plaques, or focal adhesions. The formation of focal this work. Other nonlinear chemical schemes should be considered, especially taking into account the spatial extent of contacts requires the adsorption of extracellular matrix proteins such as fibronectin and vibronectin to the substrate the receptor molecules (steric effect). This might lead to the formation of local contacts and stabilization of the periodic (26) . Specific receptors for these proteins are present on the cell membrane which specifically recognize and bind to the patterns, which improves the biological relevance of the model (36) . In the same context, the elasticity properties of different components (ligands) of the extracellular matrix. Several important experimental observations related to the the free surface should be taken into account. The extension of the model to the geometry of a free film (two free surfaces dynamics of such receptors have recently been made (27) . It was shown by immunofluorescence studies in endothelial with receptors and sites on opposite sides) is easy to perform and would allow applications to cell-cell interactions. On cells (26) that the clustering of the individual receptors at the focal contacts and the reorganization thereafter occurred the other hand, a bifurcation calculus analogous to that performed in (4) could give a nonlinear estimation of the delay only when the cells were exposed to the specific ligands. Our model predicts this clustering and allows us to follow in the rupture time observed in the numerical simulations.
This work thus provides a general framework to understand its dynamics.
With respect to the delay in the rupture when a chemical the interplay between chemical and hydrodynamic modes at surfaces. The generic description given here helps to identify reaction is taken into account, one experimental indication could be found in the two-stage process observed in red the basic variables of the system and the mechanisms which trigger the instability. blood cell adhesion by lectins (29) . Indeed, a time delay of several seconds occurs between initial contact and subsequent rapid formation of periodic points of close adhesion.
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